Tetrazolium salts have been reported to behave as electron-acceptors in living systems because of their oxido-reduction potential, which is similar to that of some biological systems (1, 9) .
Biochemical studies performed at one or more sites of the respiratory chain have shown that tetrazolium salts can be reduced to the colored formazan by the use of either reduced nicotinamide adenine dinucleotide (NADH) or succinate as electron donors. In the reaction leading to the immediate transfer from NADH, flavoprotein appears to be responsible for a considerable proportion of the observed reduction of tetrazolium salts (4, 10, 18) .
The site of electron transport activity is believed to be associated with the plasma membranes of bacteria (3, 12, 14, 21, 22) , although many authors reported biochemically and cytochemically the presence of the electron transport system in the mesosomes of gram-positive bacteria (6-8, 16, 17, 20) .
On the other hand, electron transport activity is also found in soluble fractions of bacteria by the use of NADH-oxidase and NADH-electron acceptor oxido-reductase systems (14, 19, 24) .
A study of the distribution of oxidases and dehydrogenases has been reported in Mycobacterium phlei (4), although no firm conclusion could be drawn about the real enzymatic localization because of the harsh disruption method used.
The present study was undertaken to define the subcellular localization and properties of the electron transport system, namely the NADH-3-(4, 5-dimethylthiazolyl-2) -.2, 5-diphenyltetrazolium bromide (MTT) oxido-reductase activity, in M. smegmatis by use of relatively milder disruption procedures.
MATERIALS AND METHODS
Growth conditions and organism. M. smegmatis ATCC 607 was grown in a Dubos-Tween broth enriched with 0.25% Bovine Serum Albumin fraction V (Sigma Chemical Co., St. Louis, Mo.) and 0.75% dextrose. After 7 days of growth, the cells were harvested by centrifugation at 8,000 X g for 20 min, washed once with deionized filtered water, and stored at 20 C until used.
Preparation of subcellular fractions. Cells frozen with liquid nitrogen were ground in a mortar with glass powder (w/w) and with gradual extraction in phosphate buffer (0.02 M, pH 7) containing 0.25 M sucrose (4 X v/w). The ground cells were centrifuged at 10,000 X g for 5 min to yield a sediment containing unbroken cells and glass powder which was discarded.
The remaining supernatant fluid was filtered through gauze and centrifuged at 10,000 X g for 60 min, yielding the cell wall fraction and a supernatant fluid. The latter was centrifuged at 40,000 X g for 60 min, yielding the membrane-mesosomal fraction and a final supernatant fluid, which, upon centrifugation at 105,000 X g for 2 hr, yielded the ribosomal and soluble fractions. The various fractions were identified by electron microscopy. All procedures were carried out at 0 to 5 C, unless otherwise indicated.
Protein determination. This was determined by Biuret's method, as modified by Weibull and Bergstrom (22) Electron microscopy. All fractions were negatively or positively stained with 2% sodium silicotungstate solution (pH 7.6) or 0.5% uranyl acetate solution (pH 5.5). These materials were observed with a Hitachi 11-B electron microscope at direct magnifications of 60,000 to 80,000 at 75 kv.
RESULTS
Conditions of assays. To determine favorable conditions for the assay of the NADH-MIT oxido-reductase activity, fractions to be tested were brought to a concentration of 0.1 mg of protein/ml, and their activity was measured in the pH range 5.5 to 7.5 ( Fig. 1) . Although the pH optimum was found to be 6.5, the sharpness of the pH optimum varied slightly among the various subcellular fractions. There was a linear response at concentrations in the range of 0.01 to 0.15 mg of protein/ml at pH 6.5 (Fig. 2) .
Since undialyzed fractions showed both endogenous MIT reduction and apparent NADH oxidation without MTT, all fractions were dialyzed to eliminate the influencing factors (endogenous electron donors and acceptors substrates) and also to eliminate further possibly unknown effects of low molecular metabolites on the reaction. Subcellular distribution of NADH-MTT oxidoreductase activity. Figure 3 shows the distribution of activity among the various subcellular fractions prepared as previously described 10 ,000 X g for 60 min were centrifuged at 40,000 X g for 30 min. Morphologically, the sediment was mainly composed of mesosomal materials (Fig. 5) . The small fragments of the plasma membrane were spun down from the supernatant fluid after further centrifugation at 40,000 x g for 30 min. Assays of the NADH-MTT oxido-reductase activities of these subfractions revealed no significant difference. The possibility that mesosomal integrity is required for enzymatic activity was tested by examining either intact or disrupted mesosomes. Use of an Omni-Mixer (Ivan Sorvall, Inc., Norwalk, Conn.) at 16,000 rev/min for 5 min in an ice-bath produced an activity increase of about 15 to 20%/>.
Although some activity was detected in the cell-wall fraction, this could have arisen from membrane contamination, as revealed by electron microscopy (Fig. 4) . In addition, after exposing the cell wall fraction to Triton-X-100 to a final concentration of 0.1 7% at 0 C during 60 min (Fig. 6) , most of the activity remained in the supernatant fluid after centrifugation for 10 min at 10,000 X g (Table 1 ). This was suggestive of membrane enzymes responsible for the cell wall enzymic activity. Various dilutions of the detergent-treated supernatant fluid followed by centrifugation at 105,000 X g for 90 min gave a sediment that showed a membrane-like appearance and that also retained the NADH-MTT oxido-reductase activity.
Ultrastructural observation revealed two types of membranous structures. One was a membrane containing rings estimated to be 9 nm in diameter with an axial hole of 4 nm (Fig. 7) . The other was a membranous accumulation of parallel, rodshaped elements 4 nm in diameter with 4.5-nm spacing (Fig. 8) . Both of them showed the appearance similar to a macromolecular lipid complex treated with saponin (2, 11).
The activity observed in the soluble fraction did not decrease after further centrifugation for 4 hr at 105,000 X g. The precipitate of this fraction with ammonium sulfate (pH 7.0) gave the highest activity within the range of 30 to 40% saturation. This ammonium sulfate fraction gave a two-to threefold increase of activity compared to that of the crude soluble fraction.
The ribosomal fraction exhibited a lower activity than that of the membrane-mesosome fraction (Fig. 3) . However, recentrifugation of this fraction at 20,000 X g for 10 min caused a decrease of activity.
Electrophoresis. Electrophoresis of the soluble fraction ( Fig. 9) clearly showed the existence of various species of enzymes which were represented by bands a, b, c, and d from the starting point on. The order of intensity of the bands was c > a > b = d; however, band d becomes progressively intense. Furthermore, only band d showed the positive reaction when reduced nicotinamide adenine dinucleotide phosphate (NADPH) was used instead of NADH.
The membrane-mesosome fraction presented an intensive coloration in the slot at the starting point in the gel. However, this fraction showed the positive bands corresponding to bands b and c of the soluble fraction. After successive washings (two to four) of the fractions with phosphate buffer (pH 7.0) of the same ionic strength as employed for dialysis, the activity decreased about 45%o and remained at that level. Since bands b and c were no longer observed by electrophoresis, after this treatment contamination caused by the soluble fraction was evident (Fig. 9) .
Cell wall or ribosomal fractions showed on electrophoresis two bands corresponding to the b and c bands described for the soluble fraction and also a nonmigrating activity. These data suggest that both cell wall and ribosomal fractions were contaminated with either soluble or membranemesosome-bound enzymes.
Electrophoretic patterns of all fractions either before or after dialysis were not changed.
Effect of temperature. Assays of heat resistance of the NADH-MTT oxido-reductase activity of the various subcellular fractions are presented in Fig. 10 . The membrane-mesosome fraction lost its activity at about 50 C. Time-course inactivation at 55 C of the membrane-mesosomal fraction, previously washed four times, showed an exponential inactivation (Fig. 11) . The fact that the cell wall fraction showed the same inactivation temperature further supports our consideration that the activity of this fraction is essentially due to membrane-mesosome contamination.
The soluble fraction was relatively heatresistant in the range of 35 to 65 C. This effect was more remarkable in the partially purified soluble fraction obtained upon 40% saturation with ammonium sulfate. A time-course inactivation of the soluble fraction at 65 C (Fig. 12) showed on subsequent electrophoresis an initial decrease of activity corresponding to band a and a second decrease corresponding to band d. Bands b and c were found to be heat-resistant for several hours at 65 C. The soluble fraction maintained at 65 C for 3 hr was treated with an equal volume of butanol for 10 min at 0 C, centrifuged at low speed for 10 min to separate butanol, and dialyzed. The electrophoresis showed that butanol selectively destroyed band c and left band b intact. Furthermore, exposure at 80 C for 30 min showed that band b had a higher thermal resistance than did band c.
DISCUSSION
These results show that the NADH-MTT oxido-reductase activity of mycobacteria exists not only in the membrane-mesosome but also in the soluble fraction. The facts that at least four enzymes are separated from the soluble fraction by electrophoresis and that two of them (a and b) are sensitive to heat treatment (Fig. 9) observations regarding various NADH-oxidases having different affinities (21) have also been reported.
Cytochemically, tetrazolium-salt reduction has been found mainly in mesosomal structures of mycobacteria (12) . In our experiments, subfractions mainly composed of either plasma membrane fragments or mesosomes showed no significant difference in activity. However, the disruption of mesosomal fractions caused an increase in activity. Based on these results, we presume that a cytochemically detectable reaction may result from the increase in the membrane surface due to complex infoldings of plasma membranes in a limited space, as suggested by Salton (15) .
The exponential inactivation of the membranemesosomal fraction after heat treatment suggests that this reaction is monomolecular in nature and also that the enzyme system in this fraction may be composed of only one kind of enzyme (Fig.  11) .
Although there is no direct evidence in this study, it is possible that MTT accepts electrons at the flavoprotein level, as suggested in the studies of microbial and animal cells, using other tetrazolium salts as receptors (4, 10, 18) . Thus, some or all of the different molecular species observed in electrophoresis may be flavoprotein isoenzymes that show differences in affinity for NADH as substrate or differences in substrate specificity. The facts that the bands in soluble fractions show various degrees of intensity and that only band d had NADPH-MTT oxidoreductase activity support this assumption.
